INTRODUCTION
Colonial organisms are composed of repeated modules that are genetic clones of an original founding unit. One of the most important advantages of coloniality is that inter-module physiological integration can allow for resource translocation among modules and colony-wide coordinated responses to stimuli (Mackie 1986 , Oren et al. 2001 , Fine et al. 2002 . Physiological integration can homogenize the distribution of resources acquired through prey capture and symbiont photosynthesis and allow for a more ABSTRACT: Inter-module physiological integration of colonial organisms can facilitate colony-wide coordinated responses to stimuli that strengthen colony fitness and stress resistance. In scleractinian corals, whose colonial integration ranges from isolated polyps to a seamless continuum of polyp structures and functions, this coordination improves re sponses to injury, predation, disease, and stress and may be one of the indications of an evolutionary origin of Symbiodinium symbiosis. However, observations of species-specific coral bleaching patterns suggest that highly integrated coral colonies may be more susceptible to thermal stress, and support the hypothesis that communication pathways between highly integrated polyps facilitate the dissemination of toxic byproducts created during the bleaching response. Here we reassess this hypothesis by parameterizing an integration index using 7 skeletal features that have been historically employed to infer physiological integration. We examine the relationship between this index and bleaching response across a phylogeny of 88 diverse coral species. Correcting for phylogenetic relationships among species in the analyses reveals significant patterns among species characters that could otherwise be obscured in simple crossspecies comparisons using standard statistics, whose assump tions of independence are violated by the shared evolutionary history among species. Similar to the observed benefits of in creased coloniality for other types of stressors, the results indicate a significantly reduced bleaching response among coral species with highly integrated colonies.
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Stylized representation of the phylogeny and morphologies that allowed detection of decreased thermal bleaching with greater polyp integration (coloniality).
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effective colony-wide response to injury, predation, disease, and stress (Pearse & Muscatine 1971 , Rinkevich & Loya 1983 , Fang et al. 1989 , Gladfelter et al. 1989 , Oren et al. 1997 , Fine et al. 2002 , Roff et al. 2006 ). In scleractinian corals there is a wide diversity of integration among modules, ranging from species whose colonial modules (polyps) are connected only by non-living skeleton to species whose polyps are an almost indistinguishable continuum of structures and functions (Coates & Oliver 1973 , Coates & Jackson 1987 . In extant coral taxa, this diversity occurs as a continuum of physiological integration (rather than discrete extremes) that is challenging to directly quantify. Evidence of physiological integration in corals has historically been inferred from skeletal features that reflect pathways of (or barriers to) communication between polyps and indicate a degree of reliance upon, or coordination between, other polyps within the colony for basic life functions (Coates & Oliver 1973 , Coates & Jackson 1987 , Soong & Lang 1992 . Communication pathways include skeletal features that allow the gastrovascular cavities of neighboring polyps to be continuous, such as skeletal voids (perforate skeleton, commonly found in genera such as Acropora, Montipora, and Porites; van Woesik et al. 2013 ) that allow tissue to transverse through the skeleton (Yost et al. 2013) , or inter-polyp alignment of septa (continuity of costosepta, such as the confluent costosepta of Favites abdita or Favites halicora; Huang et al. 2014 ) that demonstrate alignment of mesenteries and may allow tissue connections to continue above the surface of the skeleton (Coates & Oliver 1973 , Coates & Jackson 1987 . Inferences of reliance and coordination among polyps include polymorphic calices that reflect differential functions of polyps and division of labor among colonial modules (polymorphic polyps, such as the apical polyps of Acropora at the growing tips of branches that are larger, have fewer tentacles, lower Symbiodinium density, and no gonads compared to the axial polyps; Oliver 1984 , Hemond et al. 2014 ) and complex colony morphologies that require coordinated skeletal construction to maintain colony dimensions, symmetry, and balance (growth form, such as branching Acropora palmata or Seriatopora caliendrum; Madin et al. 2016 ) (Coates & Oliver 1973 , Coates & Jackson 1987 . These characters constitute morphological evidence of physiological integration (inferred), rather than direct measurements of interpolypoidal movements of materials or chemical signals (experimentally determined; e.g. Gladfelter et al. 1989 , Oren et al. 2001 , Roff et al. 2006 . However, these inferences also represent the extent of currently available data for crossspecies comparative analysis, as experimen tal evidence is confined to a few exemplar species.
The evolution of highly integrated coral colonies is also hypothesized to be an indicator of the origin of the symbiosis with the photosynthetic endosymbiotic dinoflagellates representing the genus Symbiodinium. Coates & Jackson (1987) identified a pattern in corals where multiserial colonial forms with small, highly integrated corallites are almost exclusively symbiotic, whereas species that have solitary or uniserial colonial forms with large, poorly integrated corallites are almost exclusively asymbiotic, suggesting that increased colony integration is one of the indications of an evolutionary origin of Symbiodinium symbiosis. Although the pattern is imperfect (Frankowiak et al. 2016) and is not the product of a linear evolutionary progression toward increased colonial integration and symbiosis, but is due to a more complex history of repeated acquisition and loss of coloniality and symbiosis that were not always concurrent (Barbeitos et al. 2010) , it remains a conspicuous motif among extant species. Symbiodinium photosynthesis is the primary source of fixed carbon for reef-building corals (Muscatine 1990), and dis asso ciation of Symbiodinium and coral hosts through thermal stress (bleaching) can result in decreased growth, regeneration, reproduction, and competitive abilities, and increased incidence of disease, predation, and mortality (Brown 1997 , Jokiel 2004 , Jones 2008 , McClanahan et al. 2009 ). Although increased physiological integration may indicate an evolutionary origin of Symbiodinium symbiosis, highly integrated colonies are also hypothesized to be among those most susceptible to bleaching. Baird & Marshall (2002) identified a pattern of heightened bleaching and mortality among coral species whose colonies display high physiological integration (inferred from morphology). They hypothesized that highly integrated polyps were incapable of isolating damage, or the products of damage (e.g. reactive oxygen species), to areas of the colony that were directly affected by stress, effectively homogenizing the colony-wide response and increasing its susceptibility to bleaching. In contrast, colonies where polyps function as independent units were thought to have greater resistance to bleaching by localizing damage and polyp death (Baird & Marshall 2002) .
As global temperatures continue to increase under climate change, the disruption of coral−Symbiodinium symbio ses has become an urgent focus of intense re search (Hoegh-Guldberg et al. 2007 , Baker et al. 2008 , Frieler et al. 2013 , Hughes et al. 2017 . The identification of factors that increase colony susceptibility to thermal stress and its associated bleaching response has become critical to predicting and mitigating future bleaching events. Here we assess the physiological integration bleaching hypothesis of Baird & Marshall (2002) using 88 coral species whose coloniality ranges from solitary to highly integrated. We identified 7 skeletal features that have been historically employed to infer physiological integration and used them to parameterize a species-specific integration index and examine its relationship to bleaching response within a phylogenetic framework.
MATERIALS AND METHODS
We collected coral colony integration characters from museum specimens, literature, or trait databases (values and their sources are reported in Supplement 1 at www. int-res. com/ articles/ suppl/ m586 p001 _ supp. xls) and assessed their relationship to bleaching response using phylogenetically corrected linear and logistic regression analyses. This analysis targeted 88 coral species previously characterized for light scattering properties of their skeletons (Mar celino et al. 2013) and bleaching response (Swain et al. 2016c) .
We used the coral Bleaching Response Index (BRI) values of Swain et al. (2016c) as our metric for bleaching response. The BRI is based on taxonspecific bleaching and mortality records collected during mass coral bleaching events from 1982−2006 and was calculated as the mean percent tissue area affected by bleaching across all sites and years where a taxon was observed during these events (Swain et al. 2016c) . Bleaching response values for species with fewer than 3 reports of bleaching and mortality in Swain et al. (2016c) were used here as the mean of responses across the genus (Supplement 1).
Adapting characters discussed by Coates & Oliver (1973) and Soong & Lang (1992) , we identified 7 characters and their directionality for the inference of increasing colony in tegration (Supplement 2 at www. int-res. com/ articles/ suppl/ m586p001 _ supp. pdf). Detailed explanations of how these characters are thought to reflect the degree of potential physiological integration among polyps within a colony can be found in e.g. Coates & Oliver (1973) , Soong & Lang (1992) , Baird & Marshall (2002) , and we provide only a brief outline here (see also Table 1 , Supplement 1).
(1) Colony growth form refers to the overall colony morphology and is an indicator of the inter-polyp communication that would be necessary to coordinate colony growth and polyp budding patterns to create complex 3 dimensional shapes (Soong & Lang 1992) . (2) Polyp budding can occur either within the corallite wall (intracalicular) and may result in partially incomplete polystomal polyps (i.e. indicates a higher level of integration), or outside the corallite wall (extracalicular) and result in complete polyps (i.e. individuality; indicates a lower level of integration) (Budd & Stolarski 2011) . (3) Colony formation is the arrangement and proximity of polyps -e.g. cerioid colonies where corallites are juxtaposed (indicates lower integration) or meandroid colonies where corallites are arranged in series (indicates greater integration) -and (4) coenosteum amount within a colony is an indi cator of the separation between polyps within a colony -e.g. cerioid colonies with fused corallite walls and no coenosteum (indicates high integration) or plocoid colonies where corallites are separated by coenosteum (indicates low integration) (Coates & Oliver 1973 , Budd & Stolarski 2011 . (5) polyps beneath the surface of the skeleton by allowing gastrovascular canals to transverse the skeleton (indicating high integration), which is not possible if the skeleton is imperforate (indicating low integration) (Coates & Oliver 1973) . (6) Inter-corallite continuity of costosepta is an indicator of the potential interconnection and communication be tween polyps. Septa (which support individual mesen teries in the gastrovascular cavity of the polyp) that trace through the costae across the surface of the coenosteum and align with septa in adjacent corallites provide for the continuity of mesenteries and gastrovascular canals and alignment of polyp orientation (indicating high integration) (Coates & Oliver 1973 , Budd & Stolarski 2011 . Colonies that exhibit (7) polyp polymorphism have polyps that are of different sizes or serve different functions, and demonstrates division of labor among polyps (high integration) (Soong & Lang 1992) . While some characters are discrete and can be categorized by presence or absence (e.g. perforate or imperforate skeleton), others have 2 or more character states (e.g. growth form: massive or encrusting, laminar and branching corals). We reasoned that we could derive a quantitative integration index by averaging these 7 characters and weighting them by the number of states of each character, such that each character was scored on a scale of 0−1, with 1 representing the highest colony integration state (Table 1 , Supplement 1). The weighted average of multiple character-states avoided over-representation of characters with more than 2 states and resulted in a species-level integration index score that potentially ranged from 0−7 and weighted each character equally. This integration index is therefore reflective of the progression of character states that are hypothesized to indicate the degree to which individual polyps within a colony are physiologically integrated. For example, massive or encrusting growth forms (considered the least integrated) were given a score of 0, branching or digitate growth forms (considered the most integrated) were given a score of 1, and laminar growth forms were given an intermediate score of 0.5. To assess the effect of differential character selection, we also calculated 7 additional integration index scores that systematically excluded one character from each.
Coral colony integration characters were mapped onto a molecular phylogeny for assessment of individual character homoplasy and for phylogenetically corrected linear and logistic regression analyses. Species data are related through evolution, violating an assumption of standard statistical analyses that individual data points are independent; therefore, it was necessary to correct for this phylogenic effect (Felsenstein 1985 , Revell 2010 . Correcting for phylogeny can reveal significant associations among species characters that could be obscured or misleading in simple cross-species comparisons that apply standard statistics (Harvey 1996 , Freckleton et al. 2002 . However, inappropriately correcting data that lack a phylogenetic signal can result in poor statistical performance compared to uncorrected regression (Revell 2010) . We trimmed the coral phylogeny of Huang (2012) to include only the targeted 88 species, using the Phylotools R package (Revell 2012 ) to preserve proper branch lengths. This trimmed phylogeny was used to define the evolutionary relationships and distances between species for the phylogenetic correction of the raw data. Characters were mapped onto the trimmed Huang (2012) phylogeny using Mesquite 2.75 (Maddison & Maddison 2011) and visualized with Evolview (Zhang et al. 2012) . Homoplasy in the categorical character-state and bleaching data was assessed using the Retention Index (RI, ranges from 0−1, where 0 is homoplastic) in Mesquite. The RI is the fraction of apparent synapomorphy (characters shared exclusively among an ancestor and all of its descendants) retained after mapping onto the phylogeny (Farris 1989) . Homoplasious characters provide a better opportunity (by enabling the detection of correlations between characters that may otherwise closely reflect evolutionary history) to reveal the underlying relationships between character states after correction for phylogenetic non-independence among species. Phylogenetic signal within the continuous integration and bleaching ordinary least squares (OLS) regression residuals was assessed by mapping their values to the phylogeny and fitting phylogenetic and nonphylogentic models. This was performed using maximum likelihood (ML) model fitting (Oakley et al. 2005 ) using the Continuous-character Model Evaluation and Testing (CoMET) module (Lee et al. 2006) in Mesquite. The relationships among continuous variables whose OLS regression residuals fit a phylogenetic model (indicating phylogenetic signal) were assessed using the Phylogenetic Independent Contrasts (PIC) tool within the Phenotypic Diversity Analysis Programs (PDAP) of Mesquite, which corrects an ordinary least squares linear regression for non-independence due to evolutionary relationships among species (Midford et al. 2010 ). This rendition of PIC (Felsenstein 1985 ) returns a correlation coefficient and a significance value that are mathematically and statistically equivalent to those of a least-squares regression (Midford et al. 2010 ). Rela-tionships be tween continuous and binary variables were asses sed with phylogenetically corrected logistic (phylo log) regressions performed using the Phylogenetic Generalized Linear Mixed Model (PGLMM; Ives & Helmus 2011 , Ives & Garland 2014 in APE v.4.1 in R. This rendition of the phylo log regression simultaneously performs a test for phylogenetic signal in the residuals using an approximate likelihood ratio test. The binary variables that we targeted included colony growth form (using just those coral species that could be classified as massive, coded as 0, n = 44, or branching, coded as 1, n = 27) and presence of a perforate skeleton (imperforate coded as 0, n = 55, perforate as 1, n = 33) and were assessed against continuous bleaching response, as these 2 char acters may influence bleaching irrespective of their role in phy sio logical integration (Santos et al. 2009 , McCowan et al. 2012 , Yost et al. 2013 .
RESULTS
Colony integration index scores ranged from 0 for the solitary corals Cycloseris curvata and Fungia fungites to 4.25 for the meandroid coral Merulina scabricula and perforate Porites porites, out of a possible range of 0−7 (Fig. 1) . Mapping the 7 colony integration characters onto the phylo geny demonstrates moderate to low homoplasy values (RI = 0.54−0.91, Table 1 ) for each of the characters (Fig. 1) , indicating that variation in these char acters generally mirrors the phylogeny and that closely related coral species are likely to have similar character states.
Values for coral species-specific bleaching responses (BRI) ranged from 2.75 (for phaceloid Euphyllia glabres cens) to 72.85 (for plocoid Montipora informis) out of a possible range of 0−100 (Fig. 1) . Mapping the BRI values onto the phylogeny demonstrated high homoplasy in bleaching response (RI = 0.33; Fig. 1 ), indicating that variation in bleaching response does not generally mirror the phylogeny and that closely related coral species are unlikely to have similar bleaching responses. High homoplasy of bleaching responses facilitates the detection of significant correlations with the skeletal characters. For example, the relationship between corals with polyp polymorphism (RI = 0.88) and those with perforate skeletons (RI = 0.91) may be entirely explainable through the evolutionary relationships among species be cause the characters so closely reflect evolutionary history.
Phylogenetically corrected regression (PIC) revealed a significant inverse relationship between BRI and colony integration (Pearson product-moment Correlation Coefficient, PCC = −0.22, p = 0.04, n = 88, bestfit ML model = pure phylogenetic/equal). This relationship and its significance are not detectable through ordinary least squares linear regression (r 2 = 0.02, p = 0.17, n = 88), nor are they highly sensitive to individual character exclusion. Exclusion of a single character in a step-wise reanalysis of integration resulted in the same trends with similar fits (PCC ranged from −0.13 to −0.29) and significance values at or below the 5% threshold for all but 2 excluded characters (colony formation and coenosteum amount; Table 2 ). Additionally, phylogenetically corrected logistic regression analyses of the presence of a perforate skeleton (Z = 0.75, p = 0.45, n = 88, phylogenetic signal p < 0.001) or branching colony growth form (Z = −0.58, p = 0.56, n = 71, phylogenetic signal p < 0.001) are not significantly related to bleaching response when considered independently of other colony integration characters.
DISCUSSION
Coral colonies exhibit a continuum of physiological integration among modules, ranging from phaceloid species with no tissue connections between polyps, to hydnophoroid species with little separation between polyps embedded in a continuous coenosarc that maintain adjoining gastrovascular cavities (Coates & Oliver 1973) . Baird & Marshall (2002) observed heightened bleaching responses among some anthozoan taxa with high levels of physiological integration, in particular Acropora spp., soft coral Sinularia spp., and hydrocoral Millepora spp. They hypothesized that highly integrated coral colonies were more susceptible to bleaching because communicating polyps were incapable of isolating damage, or the products of damage, to stress-affected areas of the colony. Our re-examination of the relationship be - tween inferred colony integration and bleaching response indicates that, contrary to the observations of Baird & Marshall (2002) , lower physiological integration (as inferred by the 7 characters in our analysis) is significantly associated with in creased bleaching response among the targeted 88 coral species (Fig. 1) .
There are multiple, non-mutually exclusive, potential explanations for the detection of opposing patterns between the work of Baird & Marshall (2002) and this study. Much of the basic data collection (bleaching, mortality, growth, and reproduction after a single event vs. parameterized indices of historical bleaching and mortality response), taxon selection (4 coral species and Alcyonacea and Milleporidae vs. 88 coral species), geographic and temporal constraints (1998 bleaching event in the Indo-Pacific vs. the mean of events collected pan-tropically between 1982 and 2006) , and data analysis (observation vs. phylogenetically corrected statistical analyses) differ dramatically between the 2 studies. The work presented here is both an expansion and refocusing of the original concept to critically assess the resulting hypothesis on the potential mechanisms of stress management across differential colonial integration. Along with the expansion in scope, this study also highlights the importance of phylogenetically correcting cross-species analyses. The characters of species do not represent independently sampled replicates, as species and their character states are related through evolution and may be more similar among close relatives regardless of the relationship between characters (Felsenstein 1985 , Revell 2010 . Similar bleaching responses among coral species could be caused by similar mechanisms or by similar evolutionary history. By not adequately accounting for the pattern of evolution, significant associations among species characters could be obscured or misinterpreted (Harvey 1996 , Freckleton et al. 2002 . In the present study, ordinary least squares linear regression was unable to detect a significant relationship between BRI and integration. Only a phylogeneti- cally corrected analysis was able to tease apart similarity due to relationships among species (evolution) from similarity due to relationships among character states (potential mechanisms). A recent assessment of a similar set of field observations and hypotheses (using broad data and correction for evolutionary relationships) led to a similar conclusion. McCowan et al. (2012) reassessed the long-standing hypothesis that coral species with branching colony forms are more susceptible to bleaching and bleaching-related mortality than species with massive forms. Their field data -compiled from all targeted species -supported the conclusion that branching and tabular corals bleached significantly more than massive corals, but when those corals were grouped into higher taxa (families), the pattern became obscured. For example, among the Faviidae, branching species bleached less than massive species, but the opposite trend was observed among the Acroporidae and Poritidae. McCowan et al. (2012) suggest that the disparity between the field observations and the results of their analyses is due to the heightened susceptibility of certain taxonomic groups of coral species and that those taxa also happen to be predominantly branching species (i.e. the observation of increased bleaching response among branching corals was the result of phylogeny). Our phylogenetically corrected as sessment of diverse branching and massive species reported here is similarly unable to identify a significant relationship between colony growth form and bleaching response.
The inverse relationship between colony integration and bleaching suggests that the response to moderate thermal stress may be akin to moderate pre dation, injury, or disease, where integration among modules may contribute to the effectiveness of the colony-wide response by permitting unaffec ted polyps to aid those in distress or to selectively isolate damage and reallocate resources from non-vital life history functions (Pearse & Muscatine 1971 , Rinkevich & Loya 1983 , Fang et al. 1989 , Gladfelter et al. 1989 , Oren et al. 1997 , Fine et al. 2002 , Roff et al. 2006 . Lesion induction has been shown to activate directional transport of photosynthates toward the injured tissue from modules up to 10 cm away, and to reduce reproductive investment up to 15 cm away from the lesion (Oren et al. 1997 , 2001 , Roff et al. 2006 . Disease has been shown to activate directional transport of photosynthates away from the affected area, as if to reduce nutrient availability to the infecting pathogen and restrict resource loss to polyps that cannot be saved (Roff et al. 2006) . Bleaching that reduces Symbiodinium densities by as little as 40% is capable of halting inter-module translocation of photosynthates altogether, effectively isolating each polyp to fend for itself during stress events (Fine et al. 2002) . Our results are consistent with the observed responses to other stressors where physiological integration aids in the stress response.
The integration characters applied here are an indirect indication of physiological integration, and direct measurements or selection of different characters or differential weighting of characters may alter the results. Our sensitivity assessment of the analysis reported here resulted in the same trends at similar fits, although the exclusion of either colony formation or coenosteum amount resulted in the loss of statistical significance, and the exclusion of colony growth form strengthened the observed relationship (Table 2 ). This strengthened relationship is likely due to the lack of correlation between colony growth form and bleaching response that we observed through the phylo log regression. Addi tionally, direct measurements have demonstrated, through directional intracolony translocation of photosynthetic assimilates to adjacent injured polyps, energy integration in the absence of structural characters that would indicate integration (Brickner et al. 2006) . Pairing direct measurements of chemical translocation with physical indi cations of communicating pathways may improve precision of assessments of the effects of physiological integration on stress resistance and on the mechanism by which integration may contribute to an improved stress response.
We have focused here on the relationship between coloniality and bleaching response, linked through the potential intermodule communication and coordination, but other possible mechanisms stem from skeletal architecture and could affect bleaching resistance. For example, skeletal light scattering can increase light availability to in hospite Symbiodinium (Enríquez et al. 2005 , Stambler & Dubinsky 2005 , Terán et al. 2010 and is modulated by calcium carbonate microstructure (Marcelino et al. 2013 , Swain et al. 2016b in concert with optical properties of coral tissues (Kühl et al. 1995 , Wangpraseurt et al. 2012 . Coloniality may be intertwined with the relationship between internal light enhancement and bleaching response as a contributing factor to observed species-specific differential bleaching resistance, or it may directly influence the internal light environment itself (En ríquez et al. 2017 ) and thereby contribute to differ ential bleaching. Clearly, there is a need for a comprehensive approach, where the major hypothesized contributing factors to speciesspecific differential bleaching response (in cluding symbiont characters such as phylotype-specific thermotolerance; Berkelmans & van Oppen 2006 , Swain et al. 2016a ) are properly weighed against the observed bleaching patterns.
